Introduction
Fluorophores are widely used to detect and image cell organitation and distribution of chemicals in tissue specimens (for review see 1-3). Fluorescent tracers and immunohistochemistry, combined with confocal microscopy (CSLM; for review see 4) allow threedimensional imaging with high spatial resolution, and have proven to be a powerful tool to reveal, for example, the complex connectivity of cellular elements in the nervous system and the distribution of messenger molecules involved in neuronal transmission (for review see 5,6). The possibility of using two or more fluorescent markers in the same specimen, i.e.. multicolor fluorescence, has greatly enhanced the power of this technique (7) . enabling, e.g., revelation of co-localization of messenger molecules in axonal boutons (5-7).
In the Phoibos CSLM (8) developed at the department of Physics IV, Royal Institute of Technology, Sweden, the technique of scanning specimens with dual detectors and separate wavelength filters is well-established for imaging multicolor fluorescence. A problem with this method of separation is the cross-talk between the two detector channels (see also 6) caused by overlapping emission spectra from the fluorophores. A typical fluorophore has a long tail of fluorescent light at longer wavelengths, henceforth denoted the "red side," and a short tail at shorter wavelengths, henceforth denoted the "blue side" of the spectrum. In recordings of doublestained specimens, the cross-talk, caused by light from the blue fluorophore entering the red detector, will not be negligible. Figure 1 illustrates this problem for the fluorophores FITC and Texas Red. One way to compensate for the cross-talk is to assume that the fraction of cross-talk (i.e., how large a part of the recorded signal that will be recorded by the wrong detector) is constant. Under this assumption, numerical compensation of the recorded images can be performed. If, however, the emission spectra of the fluorophores change in the specimen, this compensation technique fails, and the compensated images may show ghost images of the other fluorophore (9). Fluorescence properties are often different for the free fluorophore dye and the protein-conjugated counterpart, and parameters such as pH. fluorophore concentration (lo), and chemical environment may influence fluorophore emission (3,ll). It would therefore be convenient to have the fluorophore emission spectrum recorded in the chemical environment in which it will be used experimentally. A further problem in multicolor fluorescence is that the choice of fluorophores is compromised by the prerequisite that the emission spectra must be widely enough separated to allow individual detection by use of band-and low/highpass filters.
New techniques for improved separation of fluorescent light from multiple fluorophores in confocal scanning laser microscopy are currently being developed at Physics IV. These techniques make use of either the differences in the excitation and/or emission spectra of the fluorophores (12) or the differences in their fluorescence lifetimes (13J4).
The objectives of this study were to investigate spectra and fluorescence lifetimes of four commonly used red fluorophores, lissamine rhodamine (LRSC), tetramethylrhodamine isothiocyanate (TRITC), Texas Red (TR), and cyanine 3.18 (Cy-3), and to investigate the extent to which various environmental conditions influence these properties. These properties were analyzed both in vitro and applied in vivo to neural tissue specimen.
Materials and Methods
Spectral Recordings. Spectra of fluorophores in cuvettes and glass capillaries have been recorded with a prism-based spectrometer utilizing a linear CCD array with 1024 elements, a Reticon RL 1024SBQ (IS), as a detector. The entrance slit of the spectrometer had a width of 25 pm. The entrance optics consisted of either a lens system (NA 0.12) magnification 1:l or a x 10 microscope objective (NA 0.30). The spectral resolving power, h/Ah, of the spectrometer ranged from 1200 at h = 400 nm to 200 at h = 800 nm. Before use, the spectrometer was calibrated for wavelength and sensitivity. The wavelength accuracy was verified to be within * 1 nm over the visible range. A sensitivity calibration was established by recording light from a standard of spectral irradiance, an Oriel 200 W quartz halogen lamp. The spectrometer signal-to-noise ratio was measured by making 100 recordings of the spectrum from the standard of spectral irradiance. The mean value compared to the SD for the wavelength with the highest intensity wavelength was better than 15O:l. The spectrometer was equipped with a regulated cooling device, keeping the detector temperature at 3"C, regulated within -c 0.5"C. Lowering the detector temperature from 25°C to 3 T reduced the dark signal to approximately 1/10, With the detector cnoled, the dark signal would saturate the detector after approximately 10 min.
Spectral recordings of regions within microscopic specimens have been performed with a spectrometer connected to a confocal scanning laser microscope (16). This spectrometer is similar to the one previously described. It is based on a prism and a CCD array with 256 elements, a Reticon RL0256DKQ (15). The entrance aperture of the spectrometer is a pinhole with the same diameter as the pinhole used during conventional confocal scanning. This implies that the spatial resolution (three-dimensional) is equal to that of the microscope during conventional confocal scanning. In this study, a Zeiss Planapo x25 (NA 0.65) objective was used, within a spatial resolution of 0.4 pm laterally and 2 pm axially. A sensitivity calibration was performed by letting the spectrometer record light from the standard of spectral irradiance through the microscope. This implies that the sensitivity calibration compensated for the spectrally non-uniform transmission of the microscope optics as well as for the non-uniformity of the spectrometer. In all spectral recordings performed with the two spectrometers, the dark signal background was subtracted from the recorded signal.
Fluorescence Lifetime Recording. There are several methods for measuring fluorescence lifetimes. Two commonly used techniques are timecorrelated single photon counting (17), in which the exponential decay of the fluorescence light intensity is recorded, and phase-shift measurements, in which the excitation light is modulated with a sine wave and the phase retardation of the fluorescence light is measured (18). In this study, fluorescence lifetimes were recorded by time-correlated single photon counting using a CSLM (Figure 2 ). This technique involves exciting the specimen with a short light pulse and detecting single fluorescence photons. For each fluorescence photon detected, the time after excitation is recorded. The probability of detecting a photon after an excitation pulse is kept low. After a large number of excitation events, a histogram showing the number of detected photons vs time after excitation is obtained. This material describes the decay of fluorescence light after excitation. By fitting an exponential decay function, F(t), to the histogram, the lifetime of the fluorophore can be derived. The exponential function is often a sum of several exponentials with different lifetimes ( T~) and different amplitudes (An) originating from different chemical compounds and from different relaxation processes in the fluorophores.
For the fitting, an instrumental response function, IRF(t), was recorded by replacing the specimen with a mirror. For this procedure, the wavelength of the laser was tuned to the red side in order to be similar to the fluorescence emitted by the fluorophores in the following experiments. The IRF(t) contains information about how the measurement system affects the measurement. The real fluorescence decay function in the specimen is distorted by the instrument. By introducing the same distortion mathematically on the exponential function that is to describe the fluorescence decay, a good model of the system is achieved. This was accomplished by a convolution of the exponential function F(t) with the IRF(t), and the result M(t) was compared to the measured histogram I(t). The parameters in the sum of exponentials (number of exponential, their relative amplitudes and time constants) were adjusted until a minimum in the squared deviation of measured I(t) and fitted M(t) values was achieved. This was accomplished by a nonlinear least-squares fitting process using the Levenberg-Marquardt algorithm (19). The success of the fit is expressed as the reduced chi-square value (x2) and should be close to 1 for a good fit.
t M(t) = SIRF(t')F(t-t')dt'
A plot of the weighted residuals r(t) can also help in judging the success of the fit (Figure 3 ). This plot should be randomly distributed around 0.
The fluorescence photons were collected by a CSLM with x 10 (NA 0.30) or x 25 (NA 0.65) objective, and detected by a cooled (-2O' C) photomultiplier tube (PMT) (Hamamatsu H3284). The signal from the PMT was processed together with a time reference signal obtained by a fast photodiode (Hamamatsu C4258) detecting the laser pulses. repetitive measurements on different fluorophores in water and the SD of the lifetimes was found to be below 10 psec for all measurements. Fluorescence lifetimes have mostly been established for fluorophores excited at shorter wavelengths than the one used in this system. However, rhodamine 6G has been reported to have a lifetime of 4 nsec when dissolved in water (21). With our instrument, the lifetime of rhodamine 6G, dissolved to a concentration of 1 pgglml in water, was measured to be 4.092 0.005 nsec, using 12 different samples.
Illumination was provided by several laser sources. A Spectra Physics 2080 Kr' laser provided continuous light at 530.9 nm. A Spectra Physics 171-19 Ar' laser provided light at 514 nm. A Spectra Physics model 3500 dye laser, operating with rhodamine 6G as a dye, provided light tunable between 570 and 610 nm. Short light pulses were produced by letting the Ar' laser operate mode-locked and synchronously pump the dye laser, which was equipped with a cavity dumping unit. Pulses with a duration of 6-9 psec were obtained at a repetition rate of up to 4 mHz and with a peak power of up to a few kW. When used for the lifetime measurements, the light was attenuated by neutral density filters before entering the CSLM. The mean power reaching the specimen was measured to be below 0.5 mW without any attenuation filters and typically around 10 pW when filters were used. This intensity level is well below those reported to cause saturation of the fluorophores (22). The amount of attenuation was selected to keep the detection rate below 2% (80 kHz) of the excitation pulse rate in order to avoid pulse pile-up effects. Excitation pulse shape and duration were measured with an autocorrelator.
Cod& Specimen SCMling Protocol. Overview images of tissue specimens were scanned with a 50-pm or 100-pm pinhole in the CSLM, and with either a x 10 objective (NA 0.30) or a x25 objective (NA 0.65) ( Fig  ure 4 ). Tissue domains (neuron cell bodies or axon profiles) were identified in the images for subsequent recording of spectra or fluorescence life times. A computerized procedure used these coordinates to move the recording point to the selected tissue regions (23). Spectral recordings in tissue specimens were made with an excitation wavelength of 530.9 nm; all other recordings were made with an excitation wavelength of 572 nm. The influence of bleaching was studied by consecutively scanning the overview image several times. During these scannings, no bleaching was seen. Spectral recordings were performed over rectangular regions identified in the overview images. In these regions, the scanning beam would halt for 1 msec per pixel. After five to 10 spectral recordings, it could be seen that the light levels in the recorded spectra were reduced, although the normalized spectra retained their shapes.
Ruorophores and Microxopic Tissue Specimens. Lissamine rhodamine (LRSC; Molecular Probes, Eugene, OR), tetramerhylrhodamine isothiocyanate (TRITC; Moleular Probes), Texas Red (TR; Molecular Probes), and cyanine 3.18 (Cy-3; Biological Detection Systems. Pittsburgh, PA) were used. The free dyes were dissolved in either distilled water (LRSC. TR. and Cy-3) or ethanol in water (TRITC) at different concentrations. In a series of tests for spectral recordings, the dyes were dissolved in solutions of HCI or NaOH with pHvaluesof 1.0, 3.0, 5. 5.5. 6,6.5, 8.0. 8.5. 9and 10.5. respectively. For lifetime recordings, initially the same solutions of HCI and NaOH were used for a pH series. This preliminary measurement indicated that the pH value introduced measurable changes in lifetimes. For a more careful measurement of the effect of pH on life times, buffered pH solutions were used (Merck; Darmstadt, Germany): (pH 1, C2H=,NOz-HCI-NaCI; pH 2. 3, 4, C6HRO;-HCI-NaOH; pH 5.6, G H R O T N~O H ; pH 7. Na~P04-KHzP04; pH 9. 10, 11. H+B03-KCI-NaOH).
The following fluorophores conjugated to IgG were used in vials and tissue experiments: LRSC Conjugated donkey anti-rabbit serum (Jackson ImmunoResearch. Avondale. PA), TRITC-conjugated donkey anti-mouse serum (Jackson ImmunoResearch). TR-conjugated sheep anti-rabbit serum (Amersham; Poole, UK), and Cy-3-conjugated donkey anti-mouse serum (Jackson ImmunoResearch). Cy-3-conjugated donkey anti-rabbit serum (Jackson ImmunoResearch).
To enable recording of small volumes of the fluorophores, glass capillaries (Debye-Scherrer) of diameters 0.2 mm and 0.7 mm were used. Spectral recordings were performed on non-conjugated fluorophores in microvials (Whearon vial file 224891) and in 0.7-mm capillaries, and on conjugated fluorophores in 0.7-mm capillaries. Lifetime measurements were performed on fluorophores. conjugated and non-conjugated. in 0.2-mm capillaries.
Tissue specimens of spinal cords and dorsal root ganglia (DRGs) were taken from Sprague-Dawley rats (200-650 g). Animals deeply anesthetized with 0.02 mg Fentanyl (Janssen Pharmaceutica; Beerse. Belgium) and 0.12 mg Midazolam (Hoffman-LaRoche; Basel. Switzerland) per 100 g body weight, given SC or IM. were sacrificed by intravascular perfusion according to a previously published protocol (see, e.g., 5) and the relevant parts of the spinal cords and the DRGs were immediately removed and processed for immunofluoresceiice histochemistry. The use of rats. and the experiments performed for the purpose of this study, were approved by the local ethical committee (Stockholms Norra Djurforsoksetiska Namnd; project no. N59/91).
The spinal cords and DRGs were cut in 14-pm-rhick sections in a cryostat (Dittes; Heidelberg, Germany) and processed according to the indirect immunofluorescence technique of Coons and collaborators (for references see 5). Briefly. the sections were rehydrated in 0.1 M PBS and incubated for 18 or 72 hr at 4'C in a humid chamber with rabbit antiserum to calcitonin gene-related peptide (CGRP) (dilution 1:400; Terenius, unpublished observations) or mouse monoclonal antibody to somatostatin (SOM) (dilution 1:200; Walsh, unpublished observations). After several rinses in PBS, the sections were incubated in LRSC (dilution 140; only CGRP). TRlTC (dilution; 1:40; only CGRP), Texas Red (dilution 1:lO; only CGRP)conjugated antiserum, or Cy-3 (dilution 1:200; CGRP and SOM) for 30 min in a humid atmosphere at 37'C. The sections were either mounted in a mixture of glycero1:PBS (33) or dehydrated in a graded series of ethanol, followed by xylene, and embedded in DPX (Fluka; Stockholm, Sweden) (Wessendorf. personal communication). The specificity of the immunolabeling has been discussed at length elsewhere and is not at issue in the present report. since we deal here only with detection of the various employed fluorophores.
Results

Effects of Fhorophore Concentration and Sohent p H
Spectral recordings with LRSC kept in glass capillaries (0 = 0.7 mm) recorded with the microscope objective showed no significant changes in the shape of the spectrum with dye concentration.
At lower concentrations, the S:N ratio was poor owing to the low light intensity. In spectral recordings of LRSC (in vials with 8 = 10 mm), the fluorescence spectrum was shifted towards longer wavelengths at high fluorophore concentrations. This was caused by reabsorption of the fluorescence light (IO). In all following experiments, the fluorophore concentrations were kept low enough to prevent reabsorption from influencing the spectra.
Spectral recordings of the four fluorophores were performed at pH values of 1.0-10.5 in the solvent. For TRITC, the emission spectrum was shifted towards longer wavelengths at very low pH values (< pH 3). Otherwise, no differences could be distinguished between the spectra at different pH values.
Fluorescence lifetimes for the fluorophores showed a tendency to be affected by pH values. For Texas Red (Figure 5 ). higher pH values led to slightly shorter lifetimes. For Cy-3 ( Figure 6 ) the lifetimes tended to be shorter at low pH values. The measurements were repeated 10 times for each fluorophore and each pH value. giving an SD at no point >10 psec. The shifts in lifetimes were for Texas Red -90 psec maximum (pH 3-11) and for Cy-3 -20 psec (pH 1-9). The shifts in lifetimes were, however, small compared to the shifts introduced by protein conjugation and interaction with the specimen and/or the embeddinglmounting medium (see below). A test specimen consisting of the four fluorophores, LRSC, TRITC, Texas Red, and Cy-3 in glass capillaries 0.2 mm in diameter, was placed on an object glass and embedded in Enthelan (Merck 7961; Darmstadt, Germany). Lifetime measurements of this specimen were made by scanning along a line perpendicular to the capillaries. After a lifetime analysis was performed at each point along the line, the lifetimes were plotted vs position along the line (Figure 7) . This plot shows the position of the different capillaries, based on the different lifetimes of the contained fluorophores. Effects from the walls of the capillaries were also visible because the lifetime differed at the ends of the different capillary cross-sections. Scans of empty capillaries revealed that the capillaries did not contain any fluorescent matter that could have contributed to this. 
IgG-conjugated Fluorophores and Application to Tissue Specimens
LRSC, TRITC, Texas Red, and Cy-3 conjugated to antibodies (see Materials and Methods) were compared to the pure fluorophores dissolved in water. The samples were held in capillaries 8 = 0.7 mm for the spectral recordings and in capillaries 8 = 0.2 mm for the lifetime measurements. Common to all fluorophores was that the fluorescence spectra were shifted towards longer wavelengths (Figure 8 ), and that the fluorescence lifetimes increased when conjugated (Table 1 ). There was also a change to higher-order exponential decay functions as the fluorophores interacted with the proteins in the sample (Figure 9; and Table 1 ). Most fluorophores in the study had a single exponential decay when dissolved in water and became doubly exponential on conjugation. The increase in lifetime on binding is typical for many fluorophores and can be used to discriminate between bound and unbound fluorophores in a specimen (24). Fluorophores conjugated to antibodies in tissue specimens (see Materials and Methods) were examined with the spectrometer for the confocal scanning laser microscope (16). The spectral shift caused by conjugation could be observed here as well (Figure 8 ). For LRSC, TR, and Cy-3, there was in most cases only a small shift between r --.
spectra recorded for the dissolved conjugated fluorophores and spectra recorded when the fluorophores had been applied to tissue. TRITC was not included in these tests. However, in one experiment (Figure lo) , a 20-nm shift in peak emission was recorded between of several 100 psec in lifetime of the fluorescence. This change could go to either longer or shorter lifetimes; for Texas Red, the lifetimes were ~9 0 0 psec shorter after binding to the specimen; for Cy-3 they were ~4 0 0 psec longer after binding to the specimen. Lifetime recordings for the two different Cy-3-conjugated antisera (see above) disclosed a difference, indicating that the observed shift in emission spectra was accompanied by a change in fluorescence decay time by -100 psec.
Tissue sections subjected to incubation with the same primary antibodies and secondary sera ( Figure 10 ) but mounted differently (fluid and solid mounting medium, respectively; see Materials and Methods) yielded closely corresponding emission spectra but a shift in fluorescence lifetime of -100 psec.
Discussion
Multicolor Fhorescence Imaging with Special Reference to Con focal Fluorescence Microscopy
A number of strategies have been suggested and tested for imaging of multicolor fluorescence (5-7). With the exception of fluorescence lifetime recordings (see below), all current methods make use of differences in emission andlor excitation spectra of the em- Cy-3-conjugated 1. 366 0 . Y Measurements in tissue were made by recording in five different regions for each fluorophore; each region was measured in 4 x 4 points and the integration time was 10 sec in each p i n t . Single point measurement, the SD for the first exponential found to be 10 psec using this technique.
SD for the second exponential is much higher (-100 psec) than for the first. and the value of the second order exponential can normally not be used for discriminating between the fluorophores used.
ployed fluorophores. The usefulness of fluorophores in immunohistochemistry or cell tracing depends on a number of factors, such as chemical properties, brilliance, tendency to fade, and availability, leaving aside the fact that they must have excitationkmission properties fitting the instrumentation in use (6,26). The currently perhaps most widely employed method to image multicolor fluorescence makes use of the fact that commonly employed fluorophores often differ to a variable extent in both absorption and emission properties. Therefore, this method is based on selective excitation by multi-line incident light and spectral separation of the emission light using two or three detectors. As mentioned in the Introduction, not even fluorophores such as F I X and Texas Red can be completely separated spectrally when they are excited simulns Figure 9 . Fluorescence lifetime measurement of LRSC in a glass capillary. Free fluorophore and conjugated form are shown together with the instrumental response function. The conjugated form has a longer lifetime than the free form. The two peaks at 5 5 and 6.5 nsec in the instrumental response function are due to internal reflections in the photo multiplier tube. ns Figure 11 . Fluorescence lifetime measurements in neural tissue specimens stained with LRSC, Cy-3, and TR, respectively. The differences in lifetimes can easily be seen. The extra peak at 6 nsec in the instrumental response function is due to an internal reflection in the photomultiplier.
this report we have recorded the fluorescence lifetimes of four commonly used "red" fluorophores using the photon-counting technique and have shown that they can be separated both as dissolved dyes as well as when they are conjugated to carrier proteins (in this case, antibodies). This technique is independent of the spectrum of the emission light and allows individual detection of four, and probably even more, fluorophores in a tissue specimen. As shown in this study, the precision in lifetime measurements is quite good (Table 1) . Therefore, the difference in life time between, e.g., TR and LRSC, is about 10 times the SD of the respective fluorescence lifetime, which should be large enough for a safe separation in tissue ( Figure 11) . A corresponding comparison between Cy-3 and TR or LRSC shows a difference of about loo-fold.
Since we have implemented the method in confocal microscopy, the technique has as good a capacity for spatial resolution as the more conventional separation techniques discussed above. We are presently testing to determine if we can use it to identify colocalization of messenger molecules tagged by immunocytochemistry to the fluorophores tested here, in small discrete neuronal tissue domains such as axonal terminals (Brismar et al., work in progress). With our instrumental set-up, fluorophore excitation is performed with a single line, but in principle several lines can be used simultaneously, further increasing the range of fluorophores that can be employed.
A problem in multicolor fluorescence is that consideration must be paid to possible artifacts introduced by chromatic aberrations in the optical components causing a displacement of the focal point between fluorophores. In this respect, it would be favorable to be able to use fluorophores that have emission spectra rather similar to each other, and this is possible if the detection of the markers is based on fluorescence lifetime rather than on emission light. Finally, tissues contain fluorescing compounds (such as lipofuscin pigments), referred to as autofluorescence, which may contribute to the recorded image because they can not be easily suppressed by optical filters (32), and it can be very difficult in multiply-labeled specimens to determine whether this type of fluorescence contributes to the image. With lifetime recordings, preliminary observations indicate that this can be decided (Brismar et al., work in progress).
Environmental Influences on Spectral and Fluorescence Lifetimes of LRSC, mIK, cyanine 3.18, and Tems Red
As mentioned in the introduction, the emission spectrum of a fluorophore may change because of the influence of environmental factors. With the use of multiple fluorophores and new, sensitive techniques for fluorophore detection, the spectral and lifetime in situ properties of a fluorophore must be known, i.e., the chemical context in which it will be used experimentally. In this study, the use of a spectrometer and fluorescence lifetime measurement equipment for the study of four fluorophores in CSLM has been demonstrated. Changes in the fluorescence spectra and fluorescence lifetimes induced by different environmental factors, such as concentration, solvent pH, and conjugation to antibodies, were studied. No spectral shifts could be induced by changing the pH values within limits to be expected in tissue. Conjugating the fluorophores to antibodies gave rise to spectral shifts towards longer wavelengths and also altered the fluorescence decay properties. The results obtained in this study show that the spectral shifts that can be expected on, e.g., conjugation, are normally 5-20 nm. When the IgGconjugated fluorophores were utilized to detect tissue chemicals with the indirect immunostaining method, the fluorophore emission spectra were very similar to those obtained for the conjugated fluorophore stock solution in all but one experiment. In this experiment, a red shift of about 20 nm was recorded between two adjacent sections labeled with antisera to CGRP and antisomatostatin MAbs, respectively, followed by Cy-3-conjugated secondary antisera and an identical tissue embedding procedure. Furthermore, lifetime recordings from the same specimens yielded different decay exponents. Such observations illustrate the importance of having access to fluorophore behavioral data in the chemical context in which the fluorophore will be used experimentally. Finally, our results show that embedding in a fluid embedding medium, such as glycerol/PBS or a solid embedding compound such as DPX, does not influence the emission spectra significantly but may change fluorescence lifetimes.
